Photosynthetic water oxidation is a fundamental chemical reaction that sustains the biosphere and takes place at a catalytic Mn 4 Ca site within photosystem II (PS II), which is embedded in the thylakoid membranes of green plants, cyanobacteria and algae. [1] [2] [3] The recent X-ray crystal structures with resolution between 3.2 and 3.8 Å 4-7 locate the electron density associated with the Mn 4 Ca cluster in the multi-protein PS II complex, at different levels of detail. However, these resolutions do not allow an accurate determination of the positions of Mn [4] [5] [6] [7] and Ca 6 , or distances of Mn-Mn/Ca or the bridging and terminal ligand atoms; therefore, detailed structures critically depend on spectroscopic techniques such as EXAFS (extended X-ray absorption fine structure) [8] [9] [10] and EPR/ENDOR. [11] [12] [13] In addition, our recent studies with PS II crystals show that the Mn 4 Ca site is highly susceptible to radiation damage; hence it is impossible to obtain meaningful Mn-Mn/Ca/ligand distances from XRD under the current conditions of X-ray dose and temperature.
14 EXAFS experiments require a lower X-ray dose than XRD; and radiation damage can be precisely monitored and controlled, thus allowing for data collection from an intact Mn cluster. EXAFS data also provide significantly higher Mn distance accuracy and resolution than the current 3.2 to 3.5 Å crystal structures. [15] [16] [17] Here we present data from a high-resolution EXAFS method using a novel multi-crystal monochromator ( Fig. 1) 18 that can distinguish two distances that are apart by ∆R ≥ 0.09 Å with an accuracy of ~0.02 Å. These data resolve a distance heterogeneity in the short MnMn distances of the S 1 and S 2 state and thereby provide firm evidence for three Mn-Mn distances between ~2.7 and ~2.8 Å. This result gives clear criteria for selecting and refining possible structures from the repertoire of proposed models based on spectroscopic and diffraction data.
The new detection technique results in significant improvement in metal-backscatterer distance resolution from EXAFS. In general, EXAFS spectra of systems which contain several different metals have a limited EXAFS range because of the presence of the rising edge of the next element, thus limiting the EXAFS distance resolution (see Suppl. material for details). 19 For the Mn K-edge EXAFS studies of PS II, the absorption edge of Fe in PS II limits the EXAFS energy range (Fig. 1) . Traditional EXAFS spectra of PS II samples are collected as an excitation spectrum by electronically windowing the Kα fluorescence (2p to 1s, at 5899 eV) from the Mn atom. [15] [16] [17] The solid state detectors that have been used over the past decade have a resolution of about 150-200 eV (fwhm) at the Mn K-edge, making it impossible to discriminate Mn fluorescence from that of Fe Kα fluorescence (at 6391 eV). The presence of the obligatory 2-3Fe/PS II (Fe edge at 7120 eV) limits the data to a k-range of ~11.5 Å -1 (k=0.51ΔE 1/2 , the Mn edge is at 6540 eV and ΔE=580 eV) (Figs. 1 and 2 left). The Mn-Mn and Mn-ligand distances that can be resolved in a typical EXAFS experiment are given by ∆R=π/2k max , where k max is the maximum energy of the photoelectron of Mn. The use of a high-resolution crystal monochromator allows us to selectively separate the Mn K fluorescence from that of Fe (Fig. 1) , resulting in the collection of data to higher photoelectron energies and leading to increased distance resolution of 0.09 Å. The new detection scheme produces distinct advantages: 1) improvement in the distance resolution, and 2) more precise determination in the numbers of metal-metal vectors.
Earlier EXAFS studies of the S 1 and S 2 states of the OEC have shown that each Mn is surrounded by a first coordination shell of O or N atoms at 1.8 to 2.1 Å (peak I in Fig. 2 ), a second shell of short Mn-Mn distances at ~ 2.7 Å (peak II), and long Mn-Mn and Mn-Ca distances at ~3.3 Å (peak III). 8 These studies firmly established that the OEC in PS II is comprised of di-μ-oxobridged Mn 2 motifs characterized by a Mn-Mn distance of ~2.7 Å (peak II). However there was uncertainty about whether there are two or three di-μ-oxo-bridged Mn-Mn moieties, [20] [21] [22] because of the inherent error of the EXAFS method in the determination of the number of Mn-Mn vectors. 17 Range-extended EXAFS makes it possible to resolve and discriminate between the Mn-Mn distances contributing to peak II, facilitating a more accurate determination of the total number of interactions, because there must be an integral number of each of the resolved distances. Fig. 2 shows the k 3 -weighted Mn EXAFS spectra and the corresponding Fourier transforms (FT) of S 1 and S 2 states obtained using a solid-state Ge detector compared with the rangeextended EXAFS data collected well past the Fe K-edge using a high-resolution crystal monochromator. The improvement in the range of the k-space data results in higher resolution and better precision in the fits. Table 1 summarizes one and two Mn-Mn shell fits to peak II in the S 1 and S 2 states. The overall fit quality is monitored by comparing Φ and ε 2 parameters (for details see Suppl. material). There is significant improvement in the fit quality that contain two Mn-Mn distances of ~2.7 and ~2.8 Å over one-shell fits with an average Mn-Mn distance of ~2.74 Å. This is illustrated by two different two-shell fits in which N 1 and N 2 were fixed at different ratios: 1) N 1 :N 2 =1:1, corresponding to a scenario of two Mn-Mn interactions and 2) N 1 :N 2 =2:1, corresponding to three Mn-Mn interactions. The latter case is clearly preferable based on the quality of the fits to both the S 1 and S 2 state data.
The current observation by range-extended EXAFS supports models that contain three Mn-Mn vectors; two at ~2.7 Å and one at ~2.8 Å. Models for the Mn cluster compatible with these parameters and containing one or two Mn-Mn interactions at 3.3 Å are shown in Fig. 3 .
Preliminary studies using oriented PS II membranes show much better resolution for Fourier peak III and raise the possibility of resolving the Mn-Mn/Ca contributions in future studies using this high-resolution EXAFS methodology. In conclusion, two Mn-Mn distances of 2.73 and 2.82 Å in a 2:1 ratio can be resolved using this new method proving the presence of three short Mn-Mn vectors in the S 1 and S 2 states of the Mn 4 Ca cluster. Here we present data from a high-resolution EXAFS method using a novel multi-crystal monochromator that show three short Mn-Mn distances between 2.7 and 2.8 Å and hence the presence of three di-µ-oxo bridged units in the Mn 4 Ca cluster. This result imposes clear limitations on the proposed structures based on spectroscopic and diffraction data and provides input for refining such structures.
